a Besides being valuable assets in our daily lives, noble metals (namely, gold, silver, and platinum) also feature many intriguing physical and chemical properties when their sizes are reduced to the nano-or even subnano-scale; such assets may significantly increase the values of the noble metals as functional materials for tackling important societal issues related to human health and the environment. Among which, designing/engineering of noble metal nanomaterials (NMNs) to address challenging issues in the environment has attracted recent interest in the community. In general, the use of NMNs for environmental applications is highly dependent on the physical and chemical properties of NMNs. Such properties can be readily controlled by tailoring the attributes of NMNs, including their size, shape, composition, and surface. In this feature article, we discuss recent progress in the rational design and engineering of NMNs with particular focus on their applications in the field of environmental sensing and catalysis. The development of functional NMNs for environmental applications is highly interdisciplinary, which requires concerted efforts from the communities of materials science, chemistry, engineering, and environmental science.
Introduction
The rapid population growth and fast urbanization and industrialization have caused serious environmental issues that we are currently facing. These issues may become even worse if no efficient/sustainable solutions can be found. 1 In particular, environmental monitoring and control have already become a major issue of global concern. Although some advanced analytical techniques, such as chromatography-mass spectrometry (LC/MS/MS and GC/MS), are capable of detecting various trace pollutants, the high equipment and maintenance costs and the requirement of professional operators have constrained their practical applications. Therefore, there is a pressing need to develop highly sensitive, selective, rapid, costeffective, and miniature sensor systems for the detection of environmental pollutants. 2 Besides the accurate quantification of pollutants, the removal of various environmental pollutants is also of paramount interest to the environmental community; however, it is technically challenging. Conventional treatment technologies (e.g., adsorption) may not be effective for the removal, conversion and/or degradation of some refractory pollutants, 3 and most of the traditional treatment technologies such as membrane technology are often energy-intensive. 4 Therefore, the development of efficient and cost-effective pollutant control technologies is highly desirable. Recent advances in noble metal nanomaterials (NMNs) may provide promising solutions for the above mentioned environmental issues. [5] [6] [7] In particular, the intriguing physical and chemical (or physicochemical) properties of NMNs can be readily used to develop good platforms for a variety of environmental applications, such as sensor development for environmental pollutants and catalytic decomposition of pollutants.
In addition, the design of functional NMNs will go back to the hand of materials chemists, since with delicate design of the chemistry involved, the physicochemical properties of NMNs can be controlled in a good manner by tailoring the attributes of NMNs, such as size, shape, composition, and surface. [8] [9] [10] For example, it has been proven that the optical properties (e.g., surface plasmon resonance (SPR) or fluorescence) of NMNs can be adjusted by their particle size.
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The intriguing properties of NMNs have already been used for many environmental applications. One such application is to use the catalytic properties of NMNs for the removal and decomposition of pollutants. A number of studies have suggested that some NMNs possess better selectivity and activity than transition metals in many environmental-related catalytic reactions, such as the oxidation of carbon monoxide (CO) 12, 13 and volatile organic compounds (VOCs). 14, 15 The rapid development of this field is also reflected by the increase of publications over the years and the publication of a number of comprehensive reviews on this topic. [16] [17] [18] [19] [20] [21] Most of the recent reviews focused their discussions on the controlled synthesis of NMNs and their biomedical 22, 23 and energy applications. 5, 21, 24, 25 It is therefore timely to present a feature article on the recent development of NMNs with a particular focus on their environmental applications, which will be of interest to a broad readership in environmental science, engineering, analytical chemistry, and materials science. In this article, we focus our discussion on the recent progress in the rational designing and engineering of NMNs for environmental sensing and catalysis applications. In the next section, we will first discuss the unique properties that we could achieve from NMNs by engineering their attributes such as size, shape, composition, and surface, followed by a brief discussion on how to correlate the physicochemical properties of NMNs to their performance in environmental applications.
Why noble metal nanomaterials?
NMNs such as gold (Au), silver (Ag), and platinum (Pt) often feature unique and tunable electrical, optical, and chemical properties; such properties have attracted great interest of the community to design functional NMNs for both basic and applied research in the environmental field. Operating in the nanoscale size region, the properties of NMNs are distinctively different from their atomic constituents and bulk substances due to their high surface-to-volume ratio and quantum size effects. 21 In particular, the physicochemical properties of NMNs are dictated by their attributes like size, shape, architecture, crystallinity, and composition. These key attributes can be used to tailor the functionalities of NMNs and their performance in practical applications. 24, 26, 27 Recent advances in the synthetic chemistry of NMNs have provided good protocols to produce NMNs with well-controlled attributes in quantities large enough for practical applications. For example, NMNs with different shapes, such as rods, 28 wires, 29 spheres, 30 cubes, 26 plates, 31 belts, 32, 33 and cages, 34 have been successfully
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produced by some wet chemical protocols. In addition, the biological and biomimetic synthesis of NMNs using biomaterials as living "nanofactories" have received recent attention to address the fundamental principles of green chemistry. 35 These biomaterials include organisms (e.g., bacteria and fungi and biomass) and mixed biomolecules from the organisms, proteins, and peptides. 16 For example, Das et al. developed a controlled synthesis protocol of multi-shaped Au NPs at room temperature by the interaction of Au salts (e.g., HAuCl 4 ·3H 2 O) with the cell-free extract of a fungal strain Rhizopus oryzae.
Various shapes of Au NPs, such as triangular, hexagonal, pentagonal, spherical, spheroidal, urchin-like, nanowires, and nanorods, can be obtained by tailoring the reaction parameters, such as the precursor concentration, solution pH, and reaction time. 36 The as-synthesized bio-integrated NPs possessed very high adsorption capacity towards various contaminants (e.g., organophosphorus pesticides and dyes) and exhibited high antibacterial activity against several Gram-negative (e.g., Escherichia coli) and Gram-positive (e.g., Bacillus subtilis) bacteria and yeasts (e.g., Saccharomyces cerevisiae). [37] [38] [39] It has been well-demonstrated that the size and shape of NMNs are two determinant factors for their catalytic activity. 25 There are several interesting review articles on this topic, and readers may refer to these papers for more information about this field of research. 5, 6, 21, 23 By continually decreasing the size of NMNs to below 2 nm, we observe distinctive changes in the physical and chemical properties of the particles. These sub-2 nm sized particles form a unique class of nanomaterials, often described as metal nanoclusters (NCs). In recent years, the research on sub-2 nm metal NCs has been intensively pursued due to its unique role in bridging the "missing link" between single metal atoms and relatively large metal nanoparticles (NPs with particle sizes above 2 nm). [40] [41] [42] [43] [44] [45] [46] [47] Metal NCs typically contain several to a hundred metal atoms, and they are stabilized by a particular organic ligand such as thiolates and proteins. Among the newly developed metal NCs, thiolate-protected NCs or thiolated NCs are the most common class of NCs. This type of NCs can be denoted as M n (SR) m , where M is the noble metal, SR is the thiolate ligand, and n and m are specific integers. Recently, a number of efficient synthetic strategies have been developed to produce atomically precise thiolated Au/Ag NCs. [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] These newly developed synthetic strategies can be used to tailor the physicochemical (e.g., optical and catalytic) properties of metal NCs. In addition, due to its ultra-small size feature, the contribution of even one additional atom or ligand is greatly amplified in metal NCs, leading to the high size sensitivity of the physicochemical properties of NCs. More interestingly, metal NCs feature discrete and size-dependent electronic states, showing some unique molecular-like properties, such as HOMO-LUMO transition, quantized charging, and strong fluorescence; such properties are distinctively different from their larger counterparts-NPs with core sizes more than 2 nm-and these properties can be readily used for many applications in the environmental field. 55, 64 One can visualize the synthesis of NMNs as an engineerable process, where the input is the precursors for NMNs synthesis and the output is the NMNs with pre-designed properties (e.g., optical and catalytic) that are particularly required in an environmental application. The conversion from input to output can be delicately controlled by its conversion chemistry. As illustrated in Scheme 1, there are three major strategies to tailor the physicochemical properties of NMNs. The first strategy is to tailor the size and shape of NMNs; many successful demonstrations exist for this. For example, Link and El-Sayed have shown the size dependence of the SPR absorption of Au NPs. 65 Similarly, the properties of metal NCs are also sizedependent. For example, the fluorescence properties of Ag NCs can be tuned by adjusting the cluster size. 66 Shape is another crucial factor that could affect the optical properties of NMNs. For example, unlike the visible SPR absorption of spherical Au NPs, the SPR peaks of the Au nanocages could be tuned in the range of visible and near-infrared (NIR). 26 The second strategy is to tailor the composition of NMNs. Among which, the synthesis of alloyed NMNs is an efficient
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way to further enrich the optical or catalytic properties of NMNs. In addition, by doping an inexpensive metal element such as Ag and Cu to the NMNs, the cost of the as-designed NMNs will be more competitive for many practical applications. For example, we have recently developed an efficient strategy to dope different amounts of Ag atoms to thiolated Au 25 NCs, leading to the formation of Au x Ag 25−x NCs featuring different optical absorptions. 67 The third strategy is to tailor the surface and support of NMNs, where the functional groups or ligands on the NMN surface as well as the supporting materials for NMNs can be readily used to adjust the physicochemical properties of NMNs. For example, protecting ligands have a pronounced effect on the physicochemical properties of metal NCs. 68 In addition, the choice of the ligands and supports may also affect other physicochemical properties of the as-designed NMNs (e.g., electric conductivity). 58 Development of highly sensitive and selective sensors for environmental pollutant detection requires both the development of technology and fundamental knowledge in chemistry, biology, and materials science. To construct a good sensor, two key components are required: a recognition element to provide selective and specific interaction with the target analytes and a transducer component for signalling the blinding event. 69 A good sensor often relies on the abovementioned two elements of the recognition process in terms of response time, signal-to-noise (S/N) ratio, selectivity, and sensitivity. Therefore, the design of good sensors is highly dependent on the quality and properties of functional materials used in the construction of the sensors. NMNs possess unique physicochemical properties (e.g., size-dependent SPR or fluorescence), which could be used to develop sensors for various analytes such as heavy metal ions. In particular, Au and Ag nanomaterials have attracted extensive research interest because they exhibit exceptionally high absorption and scattering coefficients in the UV-vis-NIR range, making them the most attractive candidates for colorimetric and fluorometric sensor development. 9, 70 More details will be discussed in section 3, suggesting the rational design of NMNs for the development of optical sensors for environmental pollutants. In addition, NMNs have recently emerged as promising catalysts for the conversion and/or decomposition of some environmental pollutants. In particular, the electron deficiency of Pt and Au NPs may facilitate their strong affinity with some molecules such as oxygen, making them promising for various catalytic applications. The incorporation of NMNs into nextgeneration catalysts for environmental applications can be broadly classified into three categories: heterogeneous catalysis, photocatalysis, and electrocatalysis. It has been well-documented that the attributes of NMNs determine their catalytic performance. The design and use of NMN-based catalysts for environmental applications will be discussed in section 4.
Sensing applications of NMNs
Recent environmental burdens caused by industrial and agricultural wastes have attracted growing concern in the community. 71 Among these hazardous pollutants (e.g., heavy metal ions, pesticides, dyes, toxic chemicals, pathogens, nanomaterials, and contaminants), 72, 73 heavy metal ions have attracted the most attention due to their serious threat to human health and the environment. 74 For an accurate quantification of these heavy metal ions, various optical sensors constructed from NMNs, 22, 69, 75, 76 organic dyes, 77, 78 and fluorescent polymers, 79 have been demonstrated. Among the functional materials used for the sensor design, NMNs are the most attractive due to their intriguing physical and chemical properties, including size and shape dependent optical properties, high surface area, good stability, and good biocompatibility. 75, 80, 81 In particular, NMNs with core sizes greater than 5 nm exhibit strong SPR absorption. 11 The SPR properties of NMNs may change in the presence of analytes, which could induce the aggregation of NMNs in the solution; this distance-dependent SPR property can be readily used to design a colorimetric sensor. On the other hand, metal NCs with core sizes below 2 nm feature strong fluorescence, and the fluorescence properties of NCs may also be sensitive to some analytes; the fluorescence change (turn-on or turn-off ) can then be used to design a fluorometric sensor. 75, 76 Herein, we will use heavy metal ions as a model analyte to discuss recent advances in the design of NMNs for the development of optical sensors.
Colorimetric sensor
NMNs-based colorimetric sensor has attracted increasing attention due to the high extinction coefficient of NMNs, Scheme 1 Schematic illustration of three strategies that can be used to tailor the physicochemical properties of NMNs, and the use of these physicochemical properties for several emerging applications in the environmental field.
which is typically several orders of magnitude higher than that of organic dyes. 82 The colorimetric response can be easily monitored by the naked eye or UV-vis spectrometer, and the colorimetric method provides a simple, cost effective, and promising procedure for the sensitive and selective detection of various environmental pollutants such as heavy metal ions. It is well-documented that the SPR properties of NMNs are strongly influenced by their size, shape, composition, and surface (or ligands on particle surface). Thus, one could tune these attributes to achieve the desirable SPR properties of NMNs that can be used to construct a colorimetric sensor for the detection of environmental pollutants. 3.1.1 Size and shape matters. In general, NMNs display intense colors in solution owing to the collective oscillation of conductive electrons upon their interactions with the visible light. The SPR peaks of NMNs are highly dependent on their size and shape, which typically shift to a longer wavelength when the particle size increases, as indicated in Fig. 1 Au NPs was obtained, and this good performance was attributed to the Au-Hg amalgam and the formation of amorphous Hg layer over the Au NP surface. In addition, the data suggests that only 738 mg of Au NPs was required to treat 3500 L of 1 ppm Hg, which could be promising for practical applications.
The shape of metal NPs may also affect the sensor performance. For example, a decahedral Au NP was recently synthesized by a simple solar-mediated method, 89 which showed good sensor performance for detecting Pb 2+ ions in solution.
The LOD demonstrated in this study was 5 nM, which is 1000-fold lower than that of 13 nm Au NP system. 85 More recently, Ag NPs with different shapes, such as nanospheres, nanoplates, and nanorods, were used to construct colorimetric sensors for Co 2+ . It was found that the spherical Ag NPs showed the highest sensitivity for Ni 2+ , Co 2+ , Cd 2+ , Pb 2+ , and As 3+ . 90 However, the Ag nanorods showed a specific response to Co 2+ over other interfering metal ions in the solution, which could be attributed to the cooperative effect of two protecting ligands on the NP surface (surfactant (CTAB) and glutathione (GSH)). The abovementioned examples suggest the crucial roles of size and shape of NMNs in the design of colorimetric sensors for heavy metal ions.
Composition matters.
Once the composition of the core changes, the extinction coefficients of NMNs may also change, which could affect the sensitivity of the sensors for heavy metal ions. For example, 13 nm Au NPs possess a high extinction coefficient (2 × 10 8 cm 87 which is considerably higher than that of traditional chromophores. Therefore, the analyte-induced aggregation of Au NPs could be used to design sensors for various environmental pollutants. For example, a label-free Au NP sensor was developed for the detection of Hg 2+ ions in aqueous solutions. 91 High specificity and sensitivity was observed due to the specific and strong interaction of 4-mercaptobutanol with Au and Hg 2+ as well as the metallophilic interaction of Hg 2+ and Au + . In particular, the aggregation extent of Au NPs decreased upon the introduction of Hg 2+ . It should be noted that Ag NPs have a higher molar extinction coefficient than Au NPs; it is about 100-fold higher. 92 This property could be used to further improve the sensitivity of the optical sensors. For example, a simple and cost-effective assay was developed using mercury-specific oligonucleotides and label-free Ag NPs to construct a colorimetric sensor for Hg 2+ . 93 In the presence of Hg 2+ , the unfolded thymine (T)-rich oligonucleotides were linked with Hg 2+ to form a stem-loop structure. As a result, the hairpin structure of oligonucleotides could not protect and stabilize the Ag NPs, leading to the aggregation of Ag NPs in solution. More recently, a citrate-protected Pt NP was used to construct a colorimetric sensor for Hg 2+ . 94 The as-prepared Pt NPs could catalyze the reaction between 3,3′,5,5′-tetramethylbenzidine and H 2 O 2 , leading to the formation of a blue color product. However, the catalytic activity of Pt NPs could be largely inhibited by a trace amount of Hg 2+ , as shown in Fig. 2 95 Hg 2+ ions were first adsorbed on the Au NP surface, forming a strong Hg 2+ -Au bond. As a result, the color of the NP solution changed from red to purple or gray upon the addition of lysine (Fig. 3) . In a separate study, peptidefunctionalized Au NPs were synthesized and used to construct a sensor for Co 2+ , Hg 2+ , Pb 2+ , Pd 2+ , and Pt 2+ . 96 The colorimetric response was rapid (<1 min) and the sensor was sensitive.
Recently, DNA-modified Au NPs have been used to construct colorimetric sensors for heavy metal ions such as Hg 2+ . For example, the thymine (T) base in DNA sequence can interact with Hg 2+ to form a T-Hg 2+ -T coordination, which could be used for designing a sensor for Hg 2+ . 97 In addition, the DNA sequence can be further modified and optimized (e.g., with an optimized number of T units) to detect Hg 2+ even at room temperature. 98 The examples discussed in this section justify the importance of the ligand shell on the NP surface for designing optical sensors for heavy metal ion detection.
Fluorometric sensor
The unique fluorescence properties of noble metal NCs make them attractive for the detection of heavy metal ions owing to their good water solubility, large Stokes shifts, low toxicity, and high emission rates. 99, 100 Because the fluorescence properties of NCs are largely dictated by the attributes of the NC, one can tailor the size, composition, structure, and surface of NCs to adjust their fluorescence properties, and thus optimize the sensor systems to realize a desirable performance. There are several recent reviews on the use of Au/Ag NCs for sensor applications. 19, 22, 69, 76, 99, 101 Herein, we will summarize recent advances in the design of fluorescent metal NCs for sensor development, particularly for the detection of environmental pollutants such as heavy metal ions. 3.2.1 Core size matters. The fluorescence properties of metal NCs are size dependent, as suggested in the system of NCs protected by poly(amidoamine) (PAMAM) (Fig. 4) . 102 Besides the size of NCs, the fraction of active metal species (Au + or Ag + ) on the NC surface is also crucial for the fluorescence properties of metal NCs. In general, metal NCs with smaller sizes (or fewer metal atoms) often feature higher fluorescence owing to their smaller size and larger surface area (or large fraction of active metal species (Au + or Ag + )). 19 The fluorescent metal NCs have recently emerged as a new class of promising fluorescent probes for the development of optical sensors for environmental pollutant detection. For example, a well-developed Au 25 (SG) 18 species was recently used to construct a fluorometric sensor for Ag + , which showed good sensitivity and selectivity. 103 In another study, a highly fluorescent towards 25 NCs from free BSA via a co-precipitation process with zinc hydroxide. The as-purified NCs exhibited stronger fluorescence in solution and improved sensitivity and selectivity for the fluorescence detection of H 2 O 2 (as low as 10 nM) and common pesticides (e.g., dithizone, fenitrothion, paraoxonethyl and 2,4-dichlorophenoxyacetic acid, 1 mM). 119 In another study, Nair et al. reported that Au NPs of 10-20 nm can be used for the detection of common pesticide (e.g., endosulfan) in ppm level. 120 
Catalytic applications of NMNs
To meet the ever-increasing need of environmental protection and green (environmentally friendly or sustainable) processes, catalytic reactions have been expected to play active roles in the fields of environmental science and materials science. 121 Several recent reviews have highlighted the important advances in fuel cell technology and other energy-related applications using NMNs-based catalysts. 5, 21, 24, 25, 43, 122 However, the exploration of highly effective NMNs-based catalysts for environmental applications is still in its infancy. Tremendous efforts have been recently devoted to engineer the size, shape, composition, and supports of NMNs. For instance, using a rational combination/integration of engineered NMNs with a pre-designed support, some synergistic effects are expected. In the following section, we will discuss the design of NMNs for heterogeneous catalysis, photocatalysis, and electrocatalysis applications in the field of environment.
Heterogeneous catalysis
Advanced catalysts often involve noble metals. Among which, Au has attracted an increasing interest due to its unique physicochemical properties and its high selectivity for some catalytic reactions such as the oxidation of hydrocarbon, 123 CO and nitro-compounds, 7 hydrogenations, 124 water-gas shift, 125 hydrochlorination, 126 and propylene epoxidation. 127 Au has rich coordination and organometallic chemistry, but as a catalyst, Au has been considered to be catalytically inert for decades. 21 Considerable attention has been recently devoted to clarifying the factors that control the activity of Au catalysts, which could provide principles to tailor the catalytic capability of Au catalysts. We will highlight some examples in this section, particularly for the design of Au catalysts for environmental applications.
Size matters.
Because the properties of functional materials are highly size dependent, the catalytic activity of Au is also largely dictated by its particle size. In particular, the size of Au NPs determines their surface-to-volume ratios and chemical potentials. A general trend is that the activity of the supported Au catalysts often increases with the decrease of particle size. For example, Zhou et al. applied single-molecule fluorescence microscopy to study the catalytic activity of Au NPs and observed the size-dependent activity of Au NPs. 130 In a separate study, Shaikhutdinov et al. reported a similar size effect on the adsorption of CO on Au catalysts, where CO could be strongly adsorbed on a smaller sized Au NP. 131 The good catalytic activity of Au catalysts can be attributed to the number of low coordinated Au atoms on the surface of Au NPs. This hypothesis was suggested by a density functional theory (DFT) calculation. 132 More recently, Janssens et al. summarized the data of CO oxidation over the past 10 years using Au NPs as the catalyst, where the catalytic activity of Au catalysts at 0°C was correlated to their particle size. 133 This comprehensive review article clearly suggests that the catalytic activity of supported Au catalysts is highly size dependent. However, some fundamental issues still remain unresolved. For example, the questions such as why Au NPs show high catalytic activity or what is the origin of this high catalytic activity, are still unclear and currently under intense debate among scientists. Some different trends in the size-activity correlation have been reported. For example, Claus et al. observed that the catalytic activity and selectivity of the supported Au catalysts increased when the Au NP size increased. 134 To address such fundamental issues, concerted and continuous efforts are required from both theoretical calculations and experimental development, which may finally provide some insights to uncover the origin of the high activity of Au catalysts. Recent advances in atomically precise noble metal NCs may provide a good platform to understand these fundamental issues. In particular, the atomically precise metal NCs feature well-defined size, structure, and surface, which could perfectly address some issues in the Au NP system, including the broad size distribution and complicated and unknown surface structures of the NPs. Such issues in Au NPs have largely affected the precise correlation of catalyst structure and electronic properties to their catalytic properties. 50, 135 Recently, the ultrasmall and atomically precise Au NCs have rapidly emerged as a new class of Au catalysts with an attractive feature of high selectivity for some catalytic reactions. For example, Valden et al. investigated the size dependence of Au NCs (with particle sizes of 1-6 nm, supported on TiO 2 ) for CO oxidation at a low temperature. 129 They found that the pronounced structure sensitivity of Au/TiO 2 towards CO oxidation originated from the quantum size effects of the Au NCs. As such, the catalytic activity of Au NCs can be well-controlled by adjusting the sizes of the NCs. In another example, Zhu et al. systematically studied the catalytic performance of Au 25 (SR) 18 NCs towards the selective hydrogenation of α,β-unsaturated ketones and aldehydes to unsaturated alcohols, which achieved a remarkable 100% selectivity. 136 The unique core-shell structure of the Au 25 (SR) 18 NCs (Au 13 core/Au 12 shell) and their specific electronic structures (electron-rich Au 13 core and low-coordinate (N = 3) surface Au atoms) are two key factors that may contribute to the superior catalytic performance of Au NCs. The theoretical study also supports that the existence of low coordinated Au atoms on the NC surface was indispensable for H 2 dissociation. 137 Similarly, a more recent study presented an interesting size-dependent catalytic activity of Au for thiophenol oxidation in the presence of O 2 , as shown in Fig. 6 . 138 The data presented in this study suggest that neither single Au atoms nor Au NPs are catalytically active, but the aggregation of 5-10 Au atoms to form Au clusters showed an activity, which was even higher than sulfhydryl oxidase (a highly active and selective enzyme). Theoretical calculations also suggest that only Au NCs of low atomicity are capable of simultaneously adsorbing and activating thiophenol and O 2 , while the larger sized Au NPs are passivated by strongly adsorbed thiolates (RS-Au-SR units). 138 A similar size-dependent catalytic performance of Au NCs was also observed in an immobilized Au n NC catalyst on hydroxyapatite. This catalyst was used for the selective oxidation of cyclohexane to cyclohexanol and cyclohexanone in the presence of O 2 . 14 The turnover frequency (TOF) was monotonically increased as the size increased, with the highest TOF of 18 500 h −1 Au atom −1 when n = 39; however, this value decreased when the particle size further increased to n = 85. These examples suggest that the size effects of Au catalysts should be considered during the designing of Au NPs or NCs as heterogeneous catalysts for many catalytic reactions.
Support matters.
Considerable emphasis has been placed on the fabrication of high quality catalysts. In particular, the supports could affect the activity and selectivity of the as-fabricated NMNs-based catalysts. Recent studies have shown that TiO 2 , Al 2 O 3 , α-Fe 2 O 3 , and CeO 2 are good supports, which could be used to host Au catalysts. The effects of oxide supports on the activity and selectivity of Au catalysts have been extensively investigated in past decades. For example, Radnik et al. found that the morphology of the Au NPs was greatly influenced by the supports, where more rounded particles were present on TiO 2 , while highly faceted particles were observed in the ZnO system. Such morphology differences in different supports could be due to the different Au NP-support interactions. 139 In a separate study, Comotti et al. systematically examined the support effects on Au NP catalysis for CO oxidation, and suggested that the best combination is the deposition of Au NPs on TiO 2 and Al 2 O 3 , which could achieve nearly 100% of CO conversion (ZnO and ZrO 2 hosted Au NPs 
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showed a considerably lower activity, as shown in Fig. 7) . 30 Shimizu Besides the metal oxide supports, carbon-based materials, such as carbon nanotubes 141 and graphene oxide (GO), 142 can also be used to host the Au NPs for various catalytic applications. [143] [144] [145] Among them, the carbon nanotubes are considered as a novel class of promising support materials, which could be complementary to conventional supports. Carbon nanotubes feature remarkable physicochemical properties (e.g., good conductivity and mechanical stability and rich surface chemistry with abundant reactive sites). For example, Castillejos et al. used three different technologiesimpregnation, organometallic decomposition, and depositionprecipitation-to deposit Au NPs onto pristine and/or nitrogen-doped carbon nanotubes, and evaluated their catalytic activity towards CO oxidation. 143 Their results suggest that the choice of Au precursors, supports, and fabrication chemistry are crucial for controlling the size and location (on or inside the nanotubes) of the Au NPs on carbon nanotubes; such structures dictate the catalytic reactivity of the as-fabricated Au NPs.
146,147
Photocatalysis
In a typical photocatalytic system, a photocatalyst is used as a solar-to-fuel converter. Titanium dioxide (TiO 2 ) is one of the most studied photocatalysts. 148 When TiO 2 absorbs incident light with energy larger than its band gap, electrons and holes are generated in the conduction and valence bands, respectively. 149 However, one of the major limitations for TiO 2 as a photocatalyst is its large band gap of 3.0-3.2 eV, leading to its poor efficiency under visible light. A number of studies have attempted to improve the visible light absorption of TiO 2 by depositing noble metals (e.g., Au, Pt, and Ag), doping with transition metals (e.g., Fe and Zn) and non-metal elements (e.g., N, C, and S), or forming complexes with other narrow band gap semiconductors (e.g., CdS and Cu 2 O). [150] [151] [152] [153] [154] Among them, the deposition of NMNs on TiO 2 is potentially efficient due to the well-controlled and tunable optical properties of NMNs as well as their excellent photostability. 151, 155 The photocatalytic applications of wide band gap semiconductors with the Pt NP deposition have been extensively studied, and the readers may refer to some research and review articles on this topic. [156] [157] [158] In this section, the foci will be the effect of size, loading amount, and supports on the photocatalytic activity of Au-doped TiO 2 composites (as an example), highlighting some good designs of photocatalysts with good performance.
21,159
4.2.1 Size and loading amount matters. Au NPs exhibit a strong visible light absorption due to their unique SPR property. 160 The SPR absorptions of spherical Au NPs are often in the range of 520-550 nm, which could provide the visible light response for some wide band gap semiconductors (e.g., TiO 2 ). In particular, the conducting electrons of Au NPs will be excited upon illumination, which may directly participate in the redox reactions on the NP surface or migrate to the molecules adsorbed on the supports. The surface barrier between TiO 2 and Au NPs could greatly reduce the chance of the recombination of photogenerated holes and electrons. 161 Silva et al.
investigated the photocatalytic performance of Au/TiO 2 complex by tuning the excitation wavelength, and they also proposed relevant photocatalytic mechanisms in this study. 162 Under UV light illumination, the electrons from TiO 2 valance band are excited to the conduction band of TiO 2 , which subsequently migrate to the surface of Au NPs to participate in the redox reactions, while the photogenerated holes will be quenched by a reducing agent. On the other hand, the excitation of the Au surface plasmon band will generate electronhole pair upon visible light illumination, and the electrons will be readily transferred to the conducting band of TiO 2 . The successful design of the composite catalysts relies on a thorough understanding of the role of the size of NMNs and the phase of the supports. For example, Murdoch et al.
reported that Au NPs in the size range of 3-30 nm can greatly enhance the photocatalytic H 2 production rate of both anatase and rutile TiO 2 , which by itself is inactive for photocatalytic reactions, as illustrated in Fig. 8 . 163 Interestingly, the specific reaction rate of the Au/TiO 2 composite demonstrated sizedependent properties only for Au NPs above 12 nm, and the reaction rate was almost constant for Au NPs in the 3-12 nm range. Various photocatalytic applications of Au/TiO 2 , such as photocatalyzed alcohol aerobic oxidation, 164 acetone oxidation, 165 NO oxidation, 166 benzene to phenol oxidation, 167 have been recently explored. Besides the size-dependent activity, the loading amount of Au NPs is also an important factor that could influence the photochemical performance of the Au/TiO 2 nanocomposites. For instance, Li et al. applied a novel multicomponent assembly approach to synthesize Au NPs loaded TiO 2 composites and examined their photocatalytic activity by phenol oxidation and chromium-reduction reactions. Their results demonstrated that the photochemical performance of Au/TiO 2 can be efficiently controlled by tailoring the loading ratio of Au NPs, where 0.5 mol% Au was found to be the best. 168 Murdoch et al.
also demonstrated a loading amount dependent photocatalytic performance for H 2 production. 163 The H 2 production rate increased with Au loading up to 4 wt% onto anatase TiO 2 support, and a further increase in Au loading (to 8 wt%) resulted in a decrease in the reaction rate due to the reduction of the available metal-support sites, where both metal and support are needed for the reaction to occur. Besides working as a high-performance photocatalyst, the Au/TiO 2 composite can also be stimulated by ultrasound. For example, Wang et al. reported a novel Au/TiO 2 sono-catalyst with a low Au NPs loading of 0.5 wt%, showing enhanced degradation efficiency for various azo dyes (e.g., orange II, ethyl orange, and acid red G) as compared to pristine TiO 2 and Au nanocatalyst. 169 When the size of Au NPs further decreases to NC levels, the molecular-like properties become dominant. Previous studies have demonstrated that the HOMO-LUMO excitation behavior of Au NCs led to the formation of absorption peaks in the visible region. 170 179 The photochemical performance of the Au NCs decorated TiO 2 nanotube array photoanodes were systematically studied, including the photocatalytic oxidation of organic pollutants (e.g., methyl orange), photocatalytic reduction of aromatic nitro compounds (e.g., nitroaniline), and photoelectrochemical water splitting for H 2 production under simulated solar light irradiation. Similar to the Au NPs supported on semiconductors, the photogenerated electrons of Au NCs under visible light can flow to the conduction band of the semiconductor, while the holes remain at the HOMO of Au NCs for oxidation reactions, enhancing the efficiency of charge separation process. 179 Stamplecoskie et al. suggested that the relatively long lifetime of the excited state could make the electron transfer process much easier, for example in the reduction reaction of methyl viologen. 180 Besides Au NCs, the applications of Ag NPs and NCs as photosensitizers were also recently reported. 181, 182 These results revealed that the photocatalytic activity of various supported NMNs can be efficiently controlled by fine-tuning the size, support, and other parameters of NMNs. 
Electrocatalysis
Recently, the catalytic activity of NMNs in electrochemical applications has also received extensive research interest. Some important attributes of NMNs that could influence the catalytic activity of NMNs in electrochemical media are morphology, structure, composition, and support, which will be discussed in this section. 4.3.1 Morphology and structure matters. With the evolution of synthetic chemistry, researchers have controlled the morphology and structure of NMNs, which can then be used to further optimize their electrocatalytic activity. Pt-based nanomaterials are the most widely investigated cathode electrocatalysts for the oxygen reduction reaction (ORR). These catalysts are also widely used for anodic electrocatalytic reactions, such as the methanol oxidation reaction (MOR) and ethanol oxidation reaction (EOR). The shape of Pt nanomaterials plays a crucial role in their electrocatalytic performance because the absorption behavior of reactants could be varied on the different facets of the nanocatalysts. For example, Wang et al. found that the specific activity of Pt nanocubes for ORR in H 2 SO 4 media was considerably higher than that achieved in polyhedrons or truncated cubes possibly because of the different absorption abilities of bi-sulfates on Pt (100) as compared to Pt (111) facets (Fig. 9) . 184 In a separate study, Chen et al. demonstrated that Pt multi-octahedrons showed better electrocatalytic activity per unit surface area than the commercial catalysts due to a higher ratio of Pt (111) to Pt (100) facets exposed. 185 Surface structure is also of particular importance for metal electrocatalysts, and high index facets usually exhibit higher activity compared to low index facets, particularly because the atoms located at the edges and steps are catalytically more active. Compared to the commercially available Pt catalysts, the Pt nanostructures with high index facets, namely, (730), (210) , and (520), showed 4 and 2 times higher efficiency for formic acid and ethanol electro-oxidation, respectively. 186 Similarly, Au-based electrocatalysts also show remarkable structure sensitivity. 187 Studies on the electrocatalytic activity of Au NPs of various size and surface orientation indicated that the cubic NPs were the most active, while the activity of the nanorod was relatively low. 188, 189 Therefore, more strategies should be explored to effectively control the morphology and surface structure of NMNs for electrocatalytic reactions.
Composition matters.
In recent decades, the rational design of bi/tri-metallic nanomaterials has attracted particular interest because it could offer unique opportunities to enhance durability as well as reduce the cost of the catalysts. More importantly, these composite nanomaterials often exhibit superior catalytic activity compared to their mono-component counterparts due to the electronic effect and synergistic effect among components. In addition, during the conventional electrochemical processes, some small molecular species (e.g., CO and HCOOH) could adversely adsorb onto the Pt catalyst surface, blocking the active sites and deactivating (or poisoning) the catalyst. Significant efforts have been devoted to exploring Pt-based bimetallic catalysts, such as PtPd, Pt-Ru, and Pt-Au, to further address the poisoning issue. Among them, Pt-Au bimetallic catalysts have received considerable interest because Au nanomaterials can exhibit high catalytic activity toward CO oxidation. For example, Gu et al. prepared Pt-decorated Au nanotubes with self-supported high surface area and minimized Pt loading. 190 The as-fabricated alloyed nanostructures possessed enhanced electrocatalytic activity for formic acid oxidation with improved tolerance to CO poisoning. In a separate study, Hong et al. developed a bimetallic PdAu nanowire network with an alloyed structure, showing improved activity and stability for ethanol electro-oxidation as compared to commercial Pd/C catalysts in alkaline conditions. 191 Moreover, PdAu nanowires can also serve as a self-supported electrocatalyst without additional supports, thus avoiding the quick loss of electrocatalytic activity, as shown in Fig. 10 . More metal elements can be integrated in one NP to realize a desirable catalytic performance. For example, Cui et al. reported the successful synthesis of PdAuCu heterostructured NP catalyst for mixed gas/liquid oxidation. 192 The catalyst took advantage of its unique catalytic activity for H 2 O 2 reduction with an over-potential as low as that for ORR. Mazumder et al. presented a multi-metallic core-shell structure NP of Pd/Au and Pd/Au/FePt with a constant 5 nm Pd core and controlled shell component and thickness. For this core-shell composite catalyst, an Au shell thinner than 1.5 nm showed a much higher activity than that with 2 nm shell and pure Au. 193 This work demonstrated the controlled catalytic activity of electrocatalysts adjusted by the shell thickness and provided a versatile model of core-shell system for the rational design of high-performance electrocatalyst. Meanwhile, a variety of bi/tri-metallic nanostructures have been synthesized aiming at decreasing the Pt loading but not sacrificing their activity and durability. [194] [195] [196] [197] [198] 4.3.3 Support matters. One important criterion for electrocatalyst design is to maintain its surface area electrochemically active because the catalyst often suffers from aggregation, dissolution, and destruction during the catalytic reactions; these factors may seriously affect the catalytic activity and lifespan of the catalyst. 199, 200 One efficient way to mitigate this effect is to design a suitable support material to host the catalyst. The support materials not only possess the dispersion effect, but also modify the electronic property and geometric factor of the catalyst, which in turn could change the catalytic activity and the number of surface active sites. It has been well demonstrated that the high specific surface area, good electronic conductivity, and comparable chemical inertness are the key requirements for an ideal support, which can maximize the electroactive sites of catalyst as well as improve catalytic activity and durability. 201 Carbon blacks are commonly used as catalyst support and many studies have been devoted to uncover the effect of carbon black properties on the electrocatalytic activity of supported catalysts. The carbon supports are usually activated by chemical or physical approaches to increase the anchoring centers for metal catalysts. For example, Yan et al. prepared Au NPs supported on activated carbon by a rapid reduction of Au salt on the surface of activated carbon in the presence of polyvinylpyrrolidone (PVP). 202 The specific current density on this catalyst reached 48.6 mA mg −1 Au at 0.355 V, showing high activity for ethanol electrooxidation. In addition, other magnetic materials can also be used as support for Au NPs. For example, Hassan et al. developed a simple and sensitive biosensor for Escherichia coli O157 : H7 detection based on the electrocatalytic property of Au NPs. 203 The superparamagnetic microbeads support was used as a pre-concentration/purification platform with a low LOD of 457 and 309 CFU mL −1 in minced beef and tap water, respectively. More recently, many other alternative carbon materials with versatile nanostructures have been explored for more efficient support materials. Among them, graphene is regarded as the most promising material because its 2D single layer honeycomb structure provides excellent electrical conductivity. Moreover, its ultra-high specific surface area and superior environmental stability makes it an ideal support to host the noble metal catalysts. 204 Graphene supported Pt, Pd, and Au have been explored as electrocatalysts for efficient methanol oxidation 205, 206 and ORR. 207, 208 For example, Mondal and Jana prepared noble metal (Pt/Pd) graphene nanocomposites, which showed high and stable catalytic current for ethanol and formic acid oxidation. 209 Tiwari et al. reported a combination of Pt NCs with double stranded DNA modified GO composite, where the high electrocatalytic performance with enhanced durability could be attributed to the strong interaction between the catalyst and the support, as shown in Fig. 11 . 210 Similar phenomena have been observed by Xu and
Wu using Au NCs and reduced GO composite. 211 However, a general and comprehensive understanding of the interaction between the support and the catalyst is still lacking, and concerted and continuous efforts are required to uncover the mystery of the support. 
Conclusions
The unique physicochemical properties of NMNs, in combination with their well-controlled and tunable structural parameters (e.g., size, shape, composition, and surface), have made them good platforms for various environmental applications. Recent advances in the preparation and characterization of well-defined NMNs have facilitated the preparation of more efficient environmental sensors and catalysts. Moreover, some fundamental studies on NMNs, such as elucidating the micro-structure and identifying the catalytically active sites, also provide better understanding of the rational design of NMNs. By tailoring the size/shape, composition, surface/support, and other parameters/attributes of NMNs, one can fine-tune the physicochemical properties of NMNs for various environmental applications. In general, the NMNs-based environmental sensors are attractive to the community due to their simple construction and operation as well as good performance, especially when combined with some emerging micro/ nano-array technologies. Nevertheless, the development of highly sensitive and selective sensors for the analysis of complicated environmental samples is still lacking, and a number of key challenging issues need to be overcome. In addition, more efforts are required to widen the detection spectrum, and to improve the selectivity and sensitivity towards real samples in different matrices.
Some other limitations also need to be addressed. For environmental catalytic applications, the need for highly active NMN-based catalysts has spurred intensive interest not only in developing high-quality NMNs with well-controlled and tunable size, morphology, structure, and composition, but also in the rational combination and integration of NMNs-based catalyst into various supporting materials (often to realize synergistic effects). Recent advances in NMNs with welldefined structures (such as ultra-small metal NCs) provide a good opportunity for engineering their catalytic properties for various environmental applications. However, some fundamental issues still remain unresolved such as how the size, surface structure, composition, and support materials affect the catalytic properties of NMNs. Furthermore, other fundamental issues on the active sites and their evolution during the catalytic reactions, as well as the interactions between the NMNs and supports also require concerted efforts from the community.
